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Electric vehicleAbstract The development and production of multiphase machines either generators or motors,
specially ﬁve-phase, offers improved performance compared to three-phase counterpart. Five phase
generators could generate power in applications such as, but not limited to, wind power generation,
electric vehicles, aerospace, and oil and gas. The ﬁve-phase generator output requires converter sys-
tem such as ac–dc converters. In this paper, a fully controlled 10-pulse line commutated rectiﬁer,
suitable to be engaged with wind energy applications, fed from ﬁve-phase source is introduced.
A shunt active power ﬁlter (APF) is used to improve power factor and supply current total har-
monic distortion (THD). Compared to three-phase converters, 6-pulse or 12-pulse rectiﬁers, the
10-pulse rectiﬁer engaged with 5-phase source alleviate their drawbacks such as high dc ripples
and no need for electric gear or phase shifting transformer. MATLAB/SIMULINK platform is
used as a simulation tool to investigate the performance of the proposed rectiﬁer.
ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nowadays, life trend has a tremendous increase of load
demand with the importance of delivering power safely and
reliably. A typical power system consists of generation, trans-
mission, and distribution. Many researchers work on each
stage to achieve the main required targets with optimum level
[1,2]. The generation stage has a booming state with a big con-
cern of renewable energy sources such as wind power andPhotovoltaic (PV) systems or environmental friendly systems
such as electric vehicles [2–7].
Lately, multiphase machines share the market with no
restriction of phases number. Examples for multiphase motor
applications are electric ship propulsion, aircraft drives, and
locomotive tractions [8–11]. On the other side, multiphase
generators, specially ﬁve phase [3,12–16], start to ﬁnd a slot
in the market, where it has the same advantages introduced
with multiphase machine drives [8,11,17–19]. It could be a
suitable candidate for direct drive wind energy, microturbines,
and electric vehicle applications with no need for electric
gear such as low frequency transformer or phase shifting
transformer [20,21].
After the power generation and before transmission phase,
an intermediate stage should be inserted for power processing
which is functioned using power electronic converters. Often, it
1092 M.I. Masoudis ac–dc converters, rectiﬁers which are broadly classiﬁed into
two types. Firstly, power factor control rectiﬁers operate at
high switching frequency [22–24]. Many papers deal with
three-phase PWM rectiﬁers’ performance, simulation, model-
ing, and control [22,25–29]. Secondly, line commutated recti-
ﬁers, uncontrolled using diodes or controlled using
thyristors, operate at power frequency or generated frequency.
The uncontrolled ﬁve-phase line commutated rectiﬁers are
introduced in Refs. [3,15,30,31]. They offer simple control, sim-
ple construction, and low cost but still have poor input power
factor, low input current THD, and unidirectional current ﬂow
[22,32]. To alleviate such problems, PWM rectiﬁers, voltage
source rectiﬁers or current source rectiﬁers, are used [22,32–34].
Although, the power factor is improved, the input current to
the converter, which affects the generator or the source, should
be ﬁltered. Moreover, the switch current and voltage limitation
may restrict the PWM rectiﬁer to be used in high power scale.
Accordingly, rectiﬁcation can be made using thyristors,
(controlled rectiﬁer) where dc-link voltage can be controlled
by adjusting the ﬁring angle, which offers high power capability,
easy control, simple gating system, and bidirectional current
ﬂow but it shares the uncontrolled rectiﬁers or PWM rectiﬁers
for the supply current ﬁltering requirement.
In this paper, the controlled line commutated rectiﬁer suit-
able for wind turbine or automotive applications generating
power via 5-phase source is introduced. Detailed analysis for
input and output performances is given and assessed. The
ﬁve-phase PM generator has sinusoidal induced emf with the
assumption of ﬁxed wind speed. The generator performance
and effect of emf waveform harmonics, depending on PM
design is out of scope from this manuscript as it will be inves-
tigated in subsequent publications. The main target here is the
feasibility and assessment of line commutated ﬁve-phase recti-
ﬁer. A shunt APF is engaged with the system to improve the
power factor and THD due to non-linearity encountered with
the rectiﬁer. Compared to 6-pulse rectiﬁer (three-phase system),
10-pulse rectiﬁer fed from a source has the same amplitude
of the 6-pulse counterpart, and the average voltage has less
ripples and higher average voltage for the same ﬁring
angle. Compared to series connected 12-pulse rectiﬁer,
10-pulse rectiﬁer has no-need for phase shifting transformer
which attains reduction of cost due to transformer and number
of switches. Moreover, dc-link voltage value is comparable.
The contribution of this paper is divided among the various
sections of this paper. Section 2 details the controlled 5-phase
rectiﬁer and how the output voltage is generated. Section 3
details the analysis and performance for both dc-side and ac-
side. Section 4 shows how the ﬁring angle is generated and
how to improve the ac-side power factor and THD using shunt
APF through a system consists mainly of 10-pulse rectiﬁer fed
from 5-phase PM generator operated at ﬁxed speed with shunt
APF coupled to the point of common coupling (PCC).
Simulation results for different ﬁring angles are introduced in
Section 5; moreover, discussion and comparison with 6-pulse
and 12-pulse converter are given. Finally, the manuscript is
concluded.
2. Five-phase controlled rectiﬁer
The ﬁve-phase fully controlled rectiﬁer shown in Fig. 1 consists
of 10 switches (thyristors) where the load is fed from ﬁve-phasehalf wave connection, 5-switches T1–T5, and return path being
via another half wave connection, and 5-switches T6–T10, to
one of the ﬁve supply lines. The mean load voltage is control-
lable by delaying the commutation of the thyristors by ﬁring
delay angle ‘a’. For small ﬁring delay angle, the waveforms
of supply voltage (phase voltage), positive voltage with respect
to neutral (VP), negative voltage with respect to neutral (VN),
gating signals, load voltage, switch 1 current, switch 6 current,
supply current, and switch 1 voltage are shown in Fig. 2 parts
‘a’–‘g’.
The phase voltage for the ﬁve-phase source can be written
as
van ¼ Vph max sinðxtÞ;
vbn ¼ Vph max sin xt 2p5
 
;
vcn ¼ Vph max sin xt 4p5
 
;
vdn ¼ Vph max sin xt 6p5
 
; and
ven ¼ Vph max sin xt 8p5
 
ð1Þ
Fig. 2 part ‘a’ shows the phase voltages, positive voltage
with respect to neutral point, and negative voltage with respect
to neutral point. Part ‘b’ shows the gating signals for small ﬁr-
ing angle ‘a’.
The line voltages can be calculated using phasor diagram
shown in Fig. 3, where the ﬁve phase source has line voltage
for adjacent phases different from line voltages for non-
adjacent phases. The line voltage for adjacent phases has
amplitude 1.1756Vph_max and leads the phase voltage by 54,
see Fig. 3a.
For example
vab ¼ 1:1756Vph max sin xtþ 3p
10
 
ð2Þ
The line voltage for non-adjacent phases has amplitude
1.902Vph_max and leads the phase voltage by 18, see Fig. 3b.
For example
vab ¼ 1:902Vph max sin xtþ p
10
 
ð3Þ
The load voltage or output voltage can be calculated by the
addition of the two ﬁve-phase half-wave voltages, relative to
the supply neutral point ‘N’, appearing at the positive and neg-
ative side of the load, respectively. As shown in part ‘c’, the
voltage is ten pulses in nature as labeled from ‘1’ to ‘10’ having
its maximum instantaneous value than that of line voltage for
non-adjacent phases. If the ﬁring angle is zero, this means
thyristors act as diodes, when va is the most positive phase
thyristor T1 conducts, and during this period ﬁrst vc is the
most negative with thyristor T8 conducting until vd becomes
more negative when the current in T8 commutates to T9.
With ﬁring delay angle, the waveforms are shifted by ‘a’.
With reference to Fig. 2 parts ‘b’ and ‘c’, the supply is con-
nected when va is at its peak value, the next ﬁring pulse will
be to thyristor T9 and T1 is still conducting until phase ‘b’
has the most positive value and ﬁred by g2 where T9 is still
conducting and so forth. The load voltage follows in turn
ten sinusoidal voltages during one cycle, those being vac, vad,
vbd, vbe, vce, vca, vda, vdb, veb, and vec. For the period labeled
‘1’ in Fig. 2c, phase ‘a’ is the most positive and conducting
when g1 is applied to T1 while at the same time phase ‘c’
was conducting when g8 was applied to T8. Consequently,
the load voltage is vac = va  vc and plotted with respect to
Fig. 1 Five-phase controlled rectiﬁer.
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‘c’. Phase ‘c’ is commutated with phase ‘d’ for the period
labeled ‘2’ thus the load voltage is vad = va  vd and plotted
with respect to the reference of the intersection point between
phases ‘a’ and ‘d’ then the load voltage in turn follows the
phase voltage. Fig. 2 parts ‘d’ and ‘e’ shows T1 and T6 cur-
rents, respectively. Fig. 2f shows the supply current of phase
‘a’ which is the addition of T1 and T6 currents. The supply
current is quasi-square wave in its nature, and supply current
will be detailed and analyzed in Section 2. Fig. 2 part ‘g’ shows
the voltage across T1. The period labeled by ‘2’, (Fig. 2g),
shows that the voltage across the thyristor is near to zero
due to thyristor voltage drop while the period labeled by ‘3’,
(Fig. 2g), shows that the voltage across T1 can be calculated
as vba which has a maximum value of 1.1756Vph_max and the
waveform reference point is the intersection between phases
‘a’ and ‘b’. The equivalent circuit that represents the period
labeled ‘3’, (Fig. 2g), is shown in Fig. 4a. For the period
labeled ‘4’, (Fig. 2g), T1 is off while phase ‘c’ is conducting;
hence, the voltage across T1 can be calculated as vca which
has a maximum value of 1.902Vph_max and the waveform refer-
ence point is the intersection between phases ‘a’ and ‘c’. The
equivalent circuit that represents the period labeled ‘4’,
(Fig. 2g), is shown in Fig. 4b. Period ‘5’ is similar to period
‘4’ and period ‘1’ is similar to period ‘3’. This means, the switch
has a constraint design that it should withstand during off peri-
ods peak reverse voltage (PRV) of 1.902Vph_max.
3. Five-phase rectiﬁer analysis and performance
Section 2, shows the operation principle for 5-phase rectiﬁer
and how the 10-pulses in the output voltage are generated.
This section introduces the performance of the rectiﬁer show-
ing output voltage, supply current, power factor, and THD.
3.1. Average dc-voltage
The mean or average load voltage, Vdc, can be calculated by
referring to Fig. 2b and Eq. (3)
Vdc ¼ 1
2p=10
Z p
2þa
3p
10þa
1:902Vph max sin xtþ p
10
 
dxt ð4Þ
Vdc ¼ 1:87Vph max cosðaÞ ð5ÞThe dc-side harmonics are generated at 10p as shown in
Fig. 5. The symbol p represents (f, 2f, 3f, . . .etc) and f is the
fundamental frequency of the ac-source or generated power
frequency. The horizontal axis represents the harmonic order
while vertical axis represents harmonic percentage with respect
to average dc-voltage. The dc-component represents 100%.
For maximum output voltage (a= 0), the voltage ripples rep-
resent 2.02% of the average dc-value which is calculated as
% Voltage ripple ¼Maximum valueMinimum value
Vdc
 100;
a ¼ 0 ð6Þ3.2. Supply and switch current
The load current is constant as the load is considered highly
inductive. Referred to Fig. 2 parts ‘d’ and ‘e’, switch current
operates for only 2p/5 from one cycle; accordingly, the switch
average current can be calculated as in (7) which represents
20% of dc-link current.
Iav switch ¼ 1
2p
Z 7p
10
þa
3p
10þa
Idcdxt
" #
¼ 0:2Idc ð7Þ
This means ﬁve-phase rectiﬁer could have switches with
lower ratings compared to three-phase counterpart which feed
the same load as the average value of switch current in three-
phase system is 33.3% [23,24]. Part ‘f’ in Fig. 2 which is the
addition of parts ‘d’ and ‘e’ shows that supply current is a
quasi-square wave where input current comprises 2p/5
alternating polarity blocks, starting at ‘a’ with each phase
displaced to others by 2p/5, independent of the thyristor ﬁring
angle. The input phase current can be expressed as [23,24]
isðtÞ ¼ Iav þ
X1
n¼1;3;5;7;...
ðan cos nxtþ bn sin nxtÞ ð8Þ
or
isðtÞ ¼ Iav þ
X1
n¼1;2;3;...
ﬃﬃﬃ
2
p
Isn sinðnxtþ /nÞ ð9Þ
where Isn is the rms value of the nth harmonic input current
which is given by
Isn ¼ 1ﬃﬃﬃ
2
p ða2n þ b2nÞ
1=2 ð10Þ
(a)
(b)
(c)
(d)
(e)
(f)
(g)
Fig. 2 Five phase rectiﬁer waveforms (a) supply voltage, positive voltage with respect to neutral VPN, and negative voltage with respect
to neutral VNN, (b) gating signals for ﬁring angle a, (c) output voltage waveform, (d) thyristor 1 current, (e) thyristor 6 current, (f) supply
current for phase ‘a’, and (g) thyristor 1 voltage.
Fig. 3 Phasor diagram for 5-phase source (a) line voltage for adjacent phases, and (b) line voltage for non-adjacent phases.
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Fig. 4 Circuits calculate voltage across switch T1 (a) equivalent circuit for the period labeled 3 in Fig. 2g, and (b) equivalent circuit for
the period labeled 4 in Fig. 2g.
2.02 % 
0.5 % 0.22 % 0.13 % 
100 %
Fig. 5 DC-side harmonic spectrum for load voltage.
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/n ¼ tan1
an
bn
ð11Þ
Due to symmetry of the input current waveform, there are
no even harmonics and the Idc component is zero
Iav ¼ ao ¼ 1p
Z 2p
0
isðtÞdxt ¼ 0 ð12Þ
The coefﬁcients an and bn are
an ¼ 1p
Z 2p
0
isðtÞ cos nxtdxt
¼ 1
p
Z 7p
10þa
3p
10þa
Idc cos nxtdxt
Z 17p
10þa
13p
10þa
Idc cos nxtdxt
" #
¼  4Idc
np
sin
np
5
sin na; n ¼ 1; 3; 5; . . . ð13Þ
bn ¼ 1p
Z 2p
0
isðtÞ sin nxtdxt
¼ 1
p
Z 7p
10þa
3p
10þa
Idc sin nxtdxt
Z 17p
10þa
13p
10þa
Idc sin nxtdxt
" #
¼ þ 4Idc
np
sin
np
5
cos na; n ¼ 1; 3; 5; . . . ð14Þ
Substituting (13) and (14) into (10) and (11), the rms value
of the nth harmonic input current isIsn ¼ 1ﬃﬃﬃ
2
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ða2n þ b2nÞ
q
¼ 2
ﬃﬃﬃ
2
p
Idc
np
sin
np
5
ð15Þ
and the nth harmonic phase shift is
/n ¼ tan1
an
bn
¼ na ð16Þ
The input current can now be written as
isðtÞ ¼
X1
n¼1;3;5;...
4Idc
np
sin
np
5
sin ðnxt naÞ ð17Þ
Substituting n= 5 (or any odd multiple of 5) into (17)
results in is5(t) = 0. The fundamental input current, (n= 1), is
is1ðtÞ ¼ 0:7484 Idc sinðxt aÞ ð18Þ
and rms value of fundamental current is
Is1 ¼ 0:529Idc ð19Þ
The rms value of supply current can be calculated as
Is ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
p
Z 7p
10þa
3p
10þa
I2dcdxt
vuut ¼
ﬃﬃﬃ
2
5
r
Idc ¼ 0:6324Idc ð20Þ
The harmonic contents of the supply current normalized to
the fundamental component (Isn/Is1) are shown in Fig. 6. The
harmonic factor (HFn) is deﬁned as
HFn% ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Is
Isn
 2
 1
s
ð21Þ3.3. Power factor and THD
The angle between the fundamental input current and the
input phase voltage, /1, is called the displacement angle [35].
The displacement factor is deﬁned as
DPF ¼ cos/1 ð22Þ
Substituting Eq. (16), if n= 1, into Eq. (22) results in
DPF ¼ cos a ð23Þ
53.9 % 
23.1 % 
100%
9.1 % 12.5 % 11.1 % 9.52% 
5.3% 
Fig. 6 Supply current spectrum normalized to the fundamental
component.
1096 M.I. MasoudAt maximum voltage, which means maximum power out-
put, the delay angle is zero and the phase voltage and current
fundamental are in phase, meaning DPF= 1. As the delay
angle is increased, the output voltage, hence power output is
decreased, and the line current waveform and consequently
its fundamental are shifted by the ﬁring angle, a.
The supply power factor is deﬁned as the ratio of the supply
power delivered ‘P’, to apparent supply power ‘S’ [35]:
pf ¼ P
S
ð24Þ
In the case of non-sinusoidal current, the active power
delivered by the ﬁve-phase sinusoidal supply is
P ¼ 5 1
2p
Z 2p
0
vsðxtÞisðxtÞdxt ¼ 5VsIs1 cos/1 ð25ÞFig. 7 Block diagram owhere Is1 is the rms value of the fundamental component of the
input phase current, is. The apparent power is given by
S ¼ 5VsIs ð26Þ
where Vs is the rms value of the input phase voltage. The dis-
placement factor (DPF) of the fundamental current was
obtained in (22). By substituting (22), (25) and (26) into (24),
the power factor can be expressed as
pf ¼ Is1
Is
cos/1 ð27Þ
where cos/1 is the displacement factor (DPF) as obtained in
(22) when /1 = a, and the term Is1/Is represents the distortion
power factor DF. Hence, the power factor can be presented as
pf ¼ DFDPF ð28Þ
The Total Harmonic Distortion (THD) is given by [23]
THD ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
I2s  I2s1
q
Is1
ð29Þ
From (22) and (27), the input power factor (pf) can be writ-
ten as follows:
pf ¼ cos aﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ THD2
p ¼ Is1
Is
cos a ð30Þ
For ﬁve-phase rectiﬁer, the THD and power factor are
pf ¼ 0:529
0:6324
cos a ¼ 0:8365 cos a ð31Þf investigated system.
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
I2s  I2s1
q
Is1
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:63242  0:5292
p
0:529
¼ 65:5% ð32Þ
Eqs. (29) and (30) show that, non-sinusoidal current affects
the power factor of the rectiﬁer specially when ﬁring angle is
increased.
The performance of the 5-phase rectiﬁer even it has some
advantages rather than 6-pulse rectiﬁer fed from three-phase
supply still requires improvement for both input power factor
and THD.
4. Investigated system
The 10-pulse rectiﬁer input current contains undesirable higher
harmonics that reduce the input power factor of the system. To
overcome such a problem, ac ﬁlter should be inserted between
rectiﬁer and source which improves and compensates the
effects of undesirable harmonics which deteriorates the THD
where the system should comply with IEEE-519 standard
[36]. The compensation technique should compensate both
the reactive and harmonic currents to improve input current
THD and power factor. To achieve this goal, either passive
or active ﬁlters could be used. However, passive ﬁlter hasFig. 8 Output from synchronized pulse generatodrawbacks [21,38,39]. Currently, APF is introduced as a com-
pensator [21,37–39] where it avoids passive ﬁlter shortcoming
and offers reliability and durability. In this paper, the supply
current is compensated using shunt APF to be suitable for
wind energy applications to avoid problems that could affect
generation stage [3,4,15]. Fig. 7 shows the block diagram of
the investigated system where it consists of four main blocks
as follows:
 Five-phase rectiﬁer which was detailed in Section 2 and its
performance are investigated in Section 3.
 Five-phase PM generator operates at constant wind speed;
consequently, induced emf is sinusoidal.
 Synchronized 10-pulse gating signals generator.
 Shunt active power ﬁlter, APF with predictive current
control.
4.1. Synchronized 10-pulse gating signal generator
A pulse generator synchronized on the source voltage provides
the trigger pulses for the 10 thyristors which constructs the 10-
pulse rectiﬁer. The pulses are generated by ‘a’ after increasingr to g1–g10 of switches T1–T10, respectively.
1098 M.I. Masoudzero-crossings of the commutation voltages which is indicated
in Fig. 2a. The input to the gating signal generator is 10 sig-
nals, ﬁve-line voltages for non-adjacent phases and its inverted
signals, multiplexed then determine the zero-crossing point
and counts the delay angle ‘a’; hence, apply the pulse for the
speciﬁed switch. A double pulse technique is used to ensure
that the speciﬁed gate signal ﬁres its own thyristor. Fig. 8
shows an example for gating signal generator output with
delay angle 36 with double pulse technique. The delay angle
is calculated from the zero crossing point determined by the
pulse generator as illustrated in Fig. 8. The delay angle, ‘a’ is
an input to this block, either manually or calculated through
feedback control system. In this study, the delay angle is
applied manually as no control or speciﬁc power locus applied
to the rectiﬁer.4.2. Shunt active ﬁlter
The objective of the shunt APF is the reduction of the
harmonics present in the supply current due to non-linear
loads. It compensates the current harmonics by injecting an
equal-but-opposite harmonic compensating current, ifj, where
j represents phases ‘a’–‘d’, or ‘e’. In this case, the shunt APF
operates as a current source, injecting harmonic components
the same as generated by the load but in anti-phase manner
[40]. Consequently, the harmonics contained in the load current
are minimized and source current becomes near sinusoidal.Fig. 9 Shunt APF with prAs the 5-phase rectiﬁer is considered as a harmonic source,
the principle of APF is applicable. Moreover, with appropriate
control scheme, the APF can also compensate the power factor
[21,38–40]. The shunt APF introduced in Ref. [38] is used in
this manuscript but promoted by extra two legs, (4 switches),
and extra two interfacing inductances to match the 5-phase
source to construct the ﬁltration requirements for phases ‘d’
and ‘e’. Fig. 9 details the 5-phase shunt APF with predictive
current control technique. The compensating signal is gener-
ated by the contribution of three controlling stages, namely,
reference extraction, current control, and the PWM generator
[39,40]. The shunt APF output voltage, vfj, is linked to the sup-
ply voltage at the PCC, vsj by
vfj ¼ Ldifj
dt
þ vsj ð33Þ
where j represents phases ‘a’–‘d’, or ‘e’.
Eq. (33) can be represented in discrete form by [21]
vf ðkþ 1Þ ¼ L
isðkÞ  is ðkÞ
Ts
 
þ vsðkÞ ð34Þ
Eq. (34) represents the predicted shunt APF output voltage
expressed in terms of the reference and actual supply currents
at samples k and (k+ 1) where Ts represents sampling time.
For the shunt APF, the dc-link capacitor voltage is controlled
at a constant value which is greater than the line peak value of
the PCC. The ﬁlter control loop determines the shunt APF
voltage reference signal. Inverter switching decision is obtainededictive current control.
(a)
(g)
(d)
(c)
(b)
(e)
(f)
Fig. 10 Five phase rectiﬁer performance with shunt APF for a= 0: (a) phase voltages, positive voltage with respect to neutral, and
negative voltage with respect to neutral, (b) output voltage, (c) load current, (d) rectiﬁer input current, (e) Supply current, (f) APF current,
and (g) spectrum of supply current.
Fully controlled rectiﬁers 1099from the predicted output inverter voltages by using the PWM
technique, so the system has a constant switching frequency.
With PWM, the inverter produces a modulated output voltage
that forces the current through the interfacing inductor which
cancels the harmonic and/or reactive load current components.
Increasing the value of ‘L’ leads to an increase in over modu-
lation probability if the harmonic related modulating signals
are added to the fundamental modulating signal. Over modu-
lation is avoided by either reducing fundamental signal of
modulating signals which requires an increase in the inverter
dc-side voltage or choosing different values for ‘L’. A trade-
off between the interfacing reactor parameters, ‘L’ and ‘Idc’limits, is performed through MATLAB/SIMULINK simula-
tions. The inductance has a more dominant effect than the
resistance [21,39]. In this manuscript, carrier-based PWM is
used.
5. Investigated system assessment
The investigated system shown in Fig. 7 is assessed using
MATLAB/SIMULINK platform. The dc-link capacitor volt-
age is controlled at 3 kV. The ﬁve-phase rectiﬁer is fed from
sinusoidal, balanced ﬁve-phase source with negligible impe-
dance with a peak (phase) value of 490 V to match wind energy
(a)
(g)
(d)
(c)
(b)
(e)
(f)
Fig. 11 Five phase rectiﬁer performance with shunt APF for a= 45: (a) phase voltages, positive voltage with respect to neutral, and
negative voltage with respect to neutral, (b) output voltage, (c) load current, (d) rectiﬁer input current, (e) Supply current, (f) APF current,
and (g) spectrum of supply current .
1100 M.I. Masoudapplications where typical PM generators can generate such
values for direct drive systems [20]. However, the system can
be scaled to medium or low voltage. The load is taken as
R–L circuit where R= 7.4 X and L= 0.1 H. A shunt APF,
with 5 mF capacitor, controlled using predictive current con-
trol has 0.35 mH interfacing inductance and is coupled to the
PCC point. The switching frequency for PWM signals is
adjusted to 5 kHz. All results of currents are taken for phase
‘a’ as a sample.5.1. Simulation results
Fig. 10 parts ‘a’–‘g’ show the system performance with no-
delay angle for 50 Hz supply frequency. Part ‘a’ shows phase
voltages, positive voltage with respect to neutral, and negative
voltage with respect to neutral. Part ‘b’ shows the output volt-
age with tracking to line voltages. Part ‘c’ shows the dc-load
current. Part ‘d’ shows the rectiﬁer input current while part
‘e’ shows the supply current, and part ‘f’ shows the ﬁlter
(a)
(g)
(d)
(c)
(b)
(e)
(f)
Fig. 12 Five phase rectiﬁer performance with shunt APF for a= 0 with 15 Hz supply frequency: (a) phase voltages, positive voltage
with respect to neutral, and negative voltage with respect to neutral, (b) output voltage, (c) load current, (d) rectiﬁer input current, (e)
Supply current, (f) APF current, and (g) spectrum of supply current.
Fully controlled rectiﬁers 1101current. The waveforms of voltages and currents are introduced
for two cycles while dc-load current is given from starting
time. Finally, part ‘g’ shows the spectrum of input current
after compensation. Fig. 11 shows the same performance given
with Fig. 10 but with delay angle 45. For ﬁring angles bigger
than 45, the instantaneous output voltage may have negative
part. The current through thyristors cannot be negative, and
the load current is always positive. For resistive load the
instantaneous voltage cannot be negative [23]. For ﬁring angles
bigger than 90, the output voltage can only be negative if the
load is ideal current source but because the load is R–L load
the steady-state waveform appears only for a short time at
transient increase of ﬁring angle. All ﬁgures for voltage andcurrents are taken as a part from steady-state region. Fig. 12
shows the same performance given in Figs. 10 and 11 for ﬁring
angle 0 but for supply frequency 15 Hz, for three cycles, to
match low speed wind energy applications.
The results introduced in Figs. 10–12 show that ﬁve-phase
rectiﬁer gives the expected performance where the average
dc-voltage follows Eq. (5) with 10-pulses in its nature. For zero
ﬁring angle, the average dc-voltage is 914.8 V while for 45 ﬁr-
ing angle, the average is 646 V. Also, the rectiﬁer can operate
with low speed direct drive systems as cleared in Fig. 12. The
Shunt APF improves the THD of the supply current and
power factor with respect to the no ﬁltration case where for
zero ﬁring angle the THD is improved from 65.5% to 5.6%
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Fig. 13 Power factor and THD versus ﬁring angle with and without shunt APF (a) Power factor, and (b) THD.
Table 1 Comparison between 6, 10, and 12-pulse rectiﬁers.
Face of comparison 6-Pulse converter 10-Pulse converter Series connection of 12-pulse converter
Number of phases 3 5 3
Number of pulses 6 10 12
Number of switches 6 10 12
Average voltage calculation Vdc ¼ 1:653Vph max cosðaÞ Vdc ¼ 1:87Vph max cosðaÞ Vdc ¼ 1:653Vph max ½cosða1Þ þ cosða2Þ
Maximum average voltage value Vdc ¼ 1:653Vph max Vdc ¼ 1:87Vph max Vdc ¼ 3:306Vph max
Average voltage with respect to 6-pulse
converter
Vav ¼ Vdc Vav ¼ 1:13Vdc Vav ¼ 2Vdc
Percentage of voltage ripple with respect to
average voltage at a= 0 (Eq. (6))
5.78% 2% 1.42%
Peak reverse voltage 1.732Vph_max 1.902Vph_max 1.732Vph_max
Phase shifting transformer Not mandatory Not mandatory Mandatory
Supply current (rms) 0.8165 Idc 0.6324 Idc 0.731 Idc
Fundamental supply current (rms) 0.7797 Idc 0.529 Idc 0.721 Idc
Average switch current 0.333 Idc 0.2 Idc 0.333 Idc
THD for maximum average value 31.1% 65.5% 13.3%
Power factor 0.955 cosa 0.8365 cosa >0.955 cosa
Power factor for maximum average value 0.955 0.8365 0.9863
1102 M.I. Masoudand power factor is improved from 0.8365 to 0.998 for both
50 Hz case and 15 Hz case. As the ﬁring angle increases, the
THD increases and power factor decreases with respect to zero
ﬁring angle even though, the performance is better than the
performance with no ﬁltration. For both 50 Hz and 15 Hz sup-
ply frequencies with shunt APF, the THD is close to each
other from 0 to 90. This means supply frequency has minimal
effect on shunt APF performance. For ﬁring angle 45, the
THD is improved to 9.1% and power factor is improved from
0.59 to 0.704 as shown in Fig. 11. Fig. 13a shows the ﬁring
angle versus power factor with and without APF and
Fig. 13b shows ﬁring angle versus THD with and without
shunt APF for 50 Hz supply. For ﬁring angle that varies
between 0 and 90, the power factor is improved with low ﬁr-
ing angles with shunt APF. However, for higher ﬁring angles
near to 90, the effect is minimal. Also, THD is clearly
improved for the small ﬁring angles’ range as both power fac-
tor and THD are dependent on the cosine value of the ﬁring
angle. It is clear that APF has a big size and rating for such
system and the optimization for APF with this rectiﬁcation
technique is out of scope in this paper as the target is to gen-
erate dc-voltage from 5-phase source; however, the APF opti-
mization will be investigated in subsequent publications. The
effect of source inductance is introduced in reference [41].5.2. Comparative study with three-phase rectiﬁer
The performance of 10-pulse rectiﬁer is roughly compared to
6-pulse and 12-pulse rectiﬁers as illustrated in Table 1. The
table shows that 12-pulse converter has better performance
rather than 6 and 10 pulse rectiﬁers. However, the answer
could be debatable if the available system is 5-phase source
engaged with 5-phase rectiﬁer. Three-phase system engaged
with 12-pulse rectiﬁer has more number of switches with higher
current rating than the switches used for 10-pulse rectiﬁer.
Moreover, 12-pulse rectiﬁers should mandatorily have phase
shifting transformer which is not necessary with 10-pulse recti-
ﬁer. Also, the performance is considered to be comparable,
especially if ﬁltration technique is used.6. Conclusion
The feasibility of a ﬁve-phase, 10 pulse, fully controlled line
commutated rectiﬁer suitable for wind energy applications is
introduced in this paper. The performance and analysis for
both ac-side and dc-side are detailed. If the 5-phase source is
available, 10-pulse rectiﬁer shows accepted performance better
than 6-pulse rectiﬁer with three-phase source and comparable
Fully controlled rectiﬁers 1103with 12-pulse rectiﬁer. The switch in 10-pulse rectiﬁer has
lower ratings as it carries only 20% of load current during
one cycle while it carries 33.3% for either 6-pulse or 12-pulse
counterpart. Moreover, 5-phase, 10-pulse line commutated
rectiﬁer has no need for phase shifting transformer such as
12-pulse converter which is considered as a big saving and
could be optimum for 5-phase direct drive wind turbine appli-
cations. Like any rectiﬁer, 10-pulse rectiﬁer as a non-linear
load causes undesirable harmonics in the input current that
reduces the input power factor and THD of the system. The
problem can be overcome using ac ﬁlter. In this paper, 5-
phase shunt APF was used where the input current THD
and power factor are improved. The supply frequency has no
big much effect on APF performance as the study shows but
still the APF needs optimization. The APF optimization and
PM generator performance are out of scope from this work
and will come in subsequent publications. The trade-off
between 5-phase PWM rectiﬁer and controlled line commu-
tated rectiﬁer is still debatable until a complete comparative
study is made between them.Acknowledgment
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